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Inhibition of vascular endothelial growth factor receptor 2-mediated endothelial 
cell activation by Axl tyrosine kinase receptor 

Margherita Gallicchio, Stefania Mitola, Donatella Valdembri, Roberto Fantozzi, Brian Varnum, Gian Carlo Avanzi, and Federico Bussolino 



GAS6, the product of a growth arrest 
specific (GAS) gene, is the ligand of the 
tyrosine kinase receptor Axl. GAS6 and 
Axl are both expressed in endothelial 
cells, where they are involved in many 
processes such as leukocyte transmigra- 
tion through capillaries and neointima 
formation in injured vessels. Here, we 
show that Axl stimulation by GAS6 re- 
sults in inhibition of the ligand-dependent 
activation of vascular endothelial growth 
factor (VEGF) receptor 2 and the conse- 
quent activation of an angiogenic pro- 

Introduction 



gram in vascular endothelial cells. GAS6 
inhibits chemotaxis of endothelial cells 
stimulated by VEGF-A isoforms, but not 
that triggered by fibroblast growth fac- 
tor-2 or hepatocyte growth factor. Further- 
more, it inhibits endothelial cell morpho- 
genesis on Matrigel and VEGF-A- 
dependent vascularization of chick 
chorion allantoid membrane. GAS6 acti- 
vates the tyrosine phosphatase SHP-2 
(SH2 domain-containing tyrosine phos- 
phatase 2), which is instrumental in the 
negative feedback exerted by Axl on 



VEGF-A activities. A dominant-negative 
SHP-2 mutant, in which Cys 459 is substi- 
tuted by Ser, reverted the effect of GAS6 
on stimulation of VEGF receptor 2 and 
endothelial chemotaxis triggered by 
VEGF-A. These studies provide the first 
demonstration of a cross talk between 
Axl and VEGF receptor 2 and add new 
information on the regulation of VEGF-A 
activities during tissue vascularization. 
(Blood. 2005;105:1970-1976) 

© 2005 by The American Society of Hematology 



Axl is a 140-kDa protein which belongs to a subfamily of tyrosine 
kinase receptor (RTK) that includes also Mer and Rse. These 
receptors are characterized by the presence of 2 immunoglobulin- 
like domains and 2 fibronectin-type III domains in the extracellular 
region and a distinctive intracellular kinase domain. 13 Axl was first 
isolated from the DNA of patients with chronic myelogenous 
leukemia, but subsequently its expression was demonstrated in 
mammalian cells of vascular, immune, and reproductive sys- 
tems. 1 - 4 " 6 Axl is involved in cell-cell aggregation, 7 in the mainte- 
nance of a wide variety of cell types in adult tissues, 6 and in 
homeostatic regulation of immune system. 8 

GAS 6, a protein codified by a growth arrest specific gene, is 
a member of the vitamin K-dependent protein family. GAS 6 has 
42% amino acid identity to protein S, a serum protein that 
negatively regulates blood coagulation. GAS6 is composed of 
characteristic structural motifs: a -y-carboxylated amino- 
terminus domain followed by 4 epidermal growth factor-like 
domains and by a set of tandem G domains similar to those of 
sex hormone binding globulin. 9 GAS 6 binds with different 
affinities and activates the kinase activity of each Axl family 
member. 10 " 12 GAS6 shows the higher affinity for Axl, and its 
interaction generally triggers antiapoptotic signals, resulting in 
an augmented cell survival. In some cell types it regulates 



homotypic and heterotypic adhesion, 4 ' 13 promotes prolifera- 
tion, 5 ' 14 survival, 15 " 18 and motility 19 ' 20 and amplifies the activity 
of extracellular stimuli. 21 - 22 

Vasculature may be a target of GAS6/Axl axis, being both 
molecules expressed by endothelial cells (ECs), 4 - 9 pericytes, 23 and 
smooth muscle cells. 24 GAS6/Axl interaction is involved in 
leukocyte transmigration through capillaries, 4,8 in neointima forma- 
tion in injured vessels, 24 and in EC survival after tumor necrosis 
factor a (TNF-a) treatment or acidification. 16,18 Mice lacking the 3 
tyrosine kinase receptors, which bind GAS6, show alteration in 
vasculature survival 6 

By activating specific and partially overlapping genetic pro- 
grams, ECs play key roles in many processes, as regulation of 
vascular tone, lipid metabolism, hematopoiesis, inflammation, 
antigen recognition, thrombosis, hemostasis, and angiogenesis. 25 
Angiogenesis refers to the remodeling and maturation of the 
primitive vascular plexus formed by vasculogenesis during the 
development and to the sprouting and subsequent stabilization by 
pericytes of new capillaries from preexisting ones in adult life. 26 
Physiologic angiogenesis results from a fine-tuning balance be- 
tween inducers and inhibitors and achieves a network hierarchi- 
cally and spatially organized to provide adequate nutrients to the 
cells. When this balance is perturbed, vessel growth is deregulated 



From the Department of Anatomy, Pharmacology, and Forensic Medicine, 
University of Turin, Torino, Italy; the Division of Molecular Angiogenesis, 
Institute for Cancer Research and Treatment (IRCC), School of Medicine, 
University of Turin, Candiolo, Italy; the Department of Oncological Science, 
University of Turin, Torino, Italy; Amgen Inc, Amgen Center, Thousand Oaks, 
California; and the Department of Medical Science, University "Amedeo 
Avogadro," Novara, Italy. 

Submitted April 16, 2004; accepted October 14, 2004. Prepublished online as Blood 
First Edition Paper, October 26, 2004; DOI 10.1182/blood-2004-04-1469. 

Supported by Associazione Italiana per la Ricerca sul Cancro, Istituto 
Superiore di Sanita (Progetto "Tumor therapy"), Ministero dell' Universita e 
della Ricerca (MIUR) (60% and Progetti di Rilevauza e Interesse Nazionale 
[PRIN] 2002 projects), Centra Nazionale delle Ricerche-MIUR. (Progetto 



Strategico Oncologia), and Fondi incentivazione della Ricerca di Base. FB. 
belongs to the European Vascular Genomics Network (http://www.engv.org) 
supported by European Community (contract LSHM-CT-2003-503254). 
One of the authors (B.V.) is employed by Amgen whose product was studied in 
the present work and could be of commercial interest. 

Reprints: Margherita Gallicchio, Department of Anatomy, Pharmacology and 
Forensic Medicine, C. so Massimo D'azeglio 52, 10100 Torino, Italy; e-mail: 
margherita.gallicchio@unito.it. 

The publication costs of this article were defrayed in part by page charge 
payment. Therefore, and solely to indicate this fact, this article is hereby 
marked "advertisement" in accordance with 18 U.S.C. section 1734. 
© 2005 by The American Society of Hematology 



1970 



BLOOD, 1 MARCH 2005 • VOLUME 105, NUMBER 5 



From wvvvv.biGodjournal.org by on November 12, 2008. For personal use only. 

BLOOD, 1 MARCH 2005 -VOLUME 105, NUMBER 5 INHIBITION OF ANGIOGENESIS BY Axl 1971 



with formation of aberrant and physiologically immature capillar- 
ies, contributing to the pathogenesis of many disorders. 27 - 28 On a 
molecular point of view, vessel growth and maturation are highly 
complex and coordinated processes, which require the sequential 
activation of a broad variety of membrane receptors by specific 
ligands. In this context, vascular endothelial growth factor 
(VEGF)-A often represents a rate-limiting step for physiologic 
vascular network formation and also seems to be extremely 
important in disease-associated angiogenesis. 29 VEGF-A binds to 
and activates 2 tyrosine kinase receptors, VEGF receptor (R)-l 
and VEGFR-2, being the later the principal target of VEGF-A in 
adult life. 29 

Here, we investigate the role of GAS6/Axl axis in angiogenesis, 
showing that this axis may inhibit VEGFR-2 dependent activation 
ofECs. 



Materials and methods 

Cells 

Human ECs were isolated from umbilical cord veins, characterized and 
grown in M199 medium (Sigma-Aldrich, St Louis, MO) containing 20% 
fetal calf serum (FCS) as previously reported. 30 They were used at early 
passages (I-IV). To infect EC's 31 cDNAs of SHP-2 (SH2 domain-containing 
tyrosine phosphatase 2) ( VS. in which C'ys 459 is substituted by Ser, 32 were 
subcloned into the BamHVEcoRl site of a modified Pinco retroviral vector 33 
and was expressed under the control of the 2 long terminal repeats. Green 
fluorescence ptot 'in o HP cDN « i und i ill >nt I of cylom I i 
rus promoter. As control of infection, GFP analysis was performed both 
through fluorescence microscope and fluorescence-activated cell soiling 
(FACS Advantage SE; BD Biosciences, Mountain View, CA) giving 85% to 
90% of positive ECs. The expression of iransgene molecules was evaluated 
by Western blot analysis by specific antibody (Ab) anti-SHP-2 (Santa Cruz 
Biotechnology, Santa Cruz, CA). Infection conditions did not modify EC 
shape and cell cycle, which was analyzed by propidium iodide fluorescence 
with fluorescence activated cell sorter laboratory (FACS) flow cytometer. 

Cell chemotaxis 

Chemotaxis assays were performed as previously described 30 by the 
Boyden chamber technique (AP48 micro chemotaxis chamber; Neuro- 
probe, Pleasanton. CA) using a 5-|a,m pore size polycarbonate filter 
(Neuroprobe) coaled on both sides with gelatin (().!'< lor 6 hours at room 
temperature). VEGF-A 165 , VEGF-A m , fibroblast-growth factor 2 (FGF-2), 
or hepatocyte growth factor (HGF) (R&D Systems, Minneapolis, MN) in 
the presence or absence of GAS6 12 in M199 supplemented with 0.25% 
bovine serum albumin were seeded in the lower compartment of the 
chamber, and 2 X 10 5 suspended cells in M199 containing 1% FCS were 
then seeded in the upper compartment. After 5 hours of incubation at 37°C 
with 5% C0 2 , the upper surface of the filter was scraped with a rubber 
policeman. The filters were fixed and stained with Diff-Quick (Baxter Spa, 
Rome, Italy), and 10 fields were counted after coding samples at 400 X 
magnification. In preliminary experiments, the minimal amount of angio- 
genic inducers giving the maximal chemoiaclic response was established. 
Therefore, all experiments w ere performed w ith VEGF-A 165 , VEGF-A 12 i, 
and HGF used at 10 ng/mL, and FGF-2 at 20 ng/mL. In experiments 
performed in the presence of Axl inhibitors, ECs were preincubated for 30 
minutes with 5 u,g/mL Axl-immunoglobulin (Ig) or an Ab anti-Axl 12 at 
37°C with 5% COn. As control, nonimmune rabbit Ig (Sigma-Aldrich) was 
used and did not show any activity. 

In vitro morphogenesis assay 

Matrigel (growth factor-free: BD Biosciences) was added to each well of a 
48-well plate and incubated at 37 '(' for Mi minutes to allow gel formation. 
ECs (2 X 10 4 /well) were plated onto Matrigel in M199 containing 0.5% 
FCS and treated as indicated. After 12-hour incubation in 5% C0 2 



humidified atmosphere at 37°C, the cell 3-dimensional organization was 
examined under DM-IBM inverted-phase contrast photomicroscopc (objec- 
tive: 5 X/0.12; medium: AIR; Leica Microsystem, Heerbrugg, Switzerland) 
and then photographed. 34 Capillary-like structures were quantified 35 by 
automatic counting in Duplicate of low-power fields (X 40) using the 
ImageProPlus 4.0 imaging software (Media Cybernetics. Leiden. The 
Netherlands), and percentage variation was expressed assuming VEGF- Ala- 
treated ECs as 100%. 

Chick embryo chorioallantoic membrane (CAM) assay 

Fertilized white l eghorn chick eggs were incubated under conditions of 
constant humidity at 37°C. On the third day of incubation, a square window 
was opened in the eggshell after removal of 2 to 3 mL albumen so as to 
detach the developing CAM from the shell. The window was sealed with a 
glass of the same size, and the eggs were returned to the incubator. At day 8, 
1-mm-' sterilized gelatin sponges (Gelfoam: I'pjohn. Kalamazoo, MI) 
adsorbed with the indicated molecules dissolved in 3 |j,L phosphate- 
buffered saline were implanted on the top of growing CAMs. 36 CAMs were 
examined daily until day 12 when they were photographed in ovo under a 
Zeiss stereomicroscope SR equipped with an MC 63 Camera System 
(Zeiss, Oberkochen, Germany). The number of vessels was quantified with 
ImageProPlus 4.0 imaging software in 3 randomly selected areas (1 mm 2 ) 
as previously described. 17 

Immunoprecipitation and immunoblotting 

Confluent ECs (1 X 10 7 cells/150 cm 2 dish) were made quiescent by 20 
hours of starvation in M199 containing 0.5% FCS and 0.1% human serum 
albumin (Farma Biagini, Lucca, Italy), preincubated for 15 minutes at 37°C 
with 1 mM Na 3 V0 4 and then stimulated as indicated. Proteins were 
alternatively immunoprecipitated with monoclonal antibody (mAb) antiphos- 
photyrosine (anti-P-Tyr; Upstate Biotechnology, BD Biosciences), Ab 
anti-VEGFR-2 (R&D Systems and Santa Cruz), Ab anti-Axl 12 exactly as 
previously described.- 1 " Proteins were solubilized in reducing conditions, 
separated b\ sodium dodecylsulfaie (SI )S i polyacrilamidc gel electrophore- 
sis (PAGE) (8% or 10%), transferred to Immobilon-P sheets (Millipore, 
Bedford, MA) and probed with specific and indicated Abs. The enhanced 
chemiluminescence technique (New England Nuclear [NEN]; Perkin 
Elmer, Cetus, Norwalk, CT) was used for detection. 

Binding displacement assay 

The binding of VEGF-A 165 with its high-affinity sites on ECs reaches the 
equilibrium after 90 minutes at room temperature. 1 " On the basis of these 
data, binding displacement studies with GAS6 were performed. Cell 
monolayers on 24-well plates were incubated for 90 minutes at room 
temperature in 0.2 mL M199 containing 20 mM HEPES (/V-2-hydroxyeth- 
ylpiperazine-A'-2-ethane.sulfonic acid), pH 7.4, 0.1% bovine serum albu- 
min, 100 (ig/mL soybean trypsin inhibitor (Sigma-Aldrich) with 0.05 nM 
[125jj VEGF-A (specific activity 140 u.Ci/p.g [5.18 MBq]; Amersham- 
Biotech-Pharmacia, Milano, Italy) and increasing concentrations of cold 
GAS 6 or VEGF-A 165 . The cells were washed twice with phosphate- 
buffered saline, solubilized with SDS 2% in phosphate-buffered saline, and 
the radioactivity was counted. 



Results 

GAS6 activates Axl receptor and inhibits VEGF-A-dependent 
chemotaxis of ECs 

Stimulation of EC motility is a necessary and, in some cases, 
sufficient step of vascular pattern formation. 40 " 42 Therefore, we 
examined the effect of GAS6 on in vitro EC chemotaxis. GAS6 
was ineffective in promoting EC directional migration but consis- 
tently inhibited in a dose-dependent fashion the chemotactic effect 
of optimal concentration of VEGF-A 165 and VEGF-A m (Figure 
1A). GAS6 (1 ng/mL) inhibited at 50% the chemotaxis induced by 
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Figure 1 . GAS6 modulates VEGF-A-induced EC chemotaxis through activation 
of Axl. (A) EC chemotaxis was evaluated in presence of GAS6 alone (♦) or 
associated with VEGF-A 165 (•) or VEGF-A 121 (■) (1 0 ng/mL). Results of 1 experiment 
performed in triplicate representative of 3 independent experiments are shown. Data 
are presented as percentage of inhibition of VEGF-A 165 (403 ± 34 cells/microscopic 
field) or VEGF-A 12 i (389 ± 24 cells/microscopic field) induced chemotaxis. Results 
were analyzed by 1-way analysis of variance (ANOVA) (F = 287.28) and Student- 
Newman-Keuls test. *P< .05 versus stimulated cells in absence of GAS6. (B) 
Chemotaxis of ECs in presence of Ab anti-Axl-N or Axl-lg. Results of 1 experiment 
performed in triplicate representative of 4 independent experiments are shown. Data 
were analyzed by ANOVA (F = 7.93) and Student-Newman-Keuls test. *P< .05 
versus GAS6 (1 ng/mL) alone; "P< .05 versus GAS6 + anti-Axl-N; §P< .05 
versus GAS6 + Axl-lg. (C) Effect of GAS6 (1 ng/mL) on FGF-2 (20 ng/mL) and HGF 
(10 ng/mL) induced EC chemotaxis. □ indicates absence, ■ presence of GAS6. (D) 
Axl phosphorylation by GAS6. Quiescent, confluent ECs were stimulated for 30 
minutes as indicated at 37°C with 5% C0 2 . Cells were lysated and immunoprecipi- 
tated for 2 hours at 4°C with an anti-AxI Ab. Immunoprecipitate was analyzed by 
sodium dodecyl sulfate-polyacrilamide gel electrophoresis (SDS-PAGE) followed by 
immunoblotting with anti-P-Tyr mAb or an anti-AxI Ab. Immunoreactive bands were 
detected by enhanced chemiluminescence technique. I. P. indicates immunoprecipi- 
tate; W.B., Western blot. The results are representative of 4 similar experiments. 
Error bars in A-C indicate standard deviation. 



10 ng/mL VEGF-A 165 and was used in successive experiments. The 
presence in the chemotaxis assay of a soluble immunoglobulin 
fusion protein containing the Axl extracellular domain (Axl-lg) or a 
polyclonal Ab directed toward the N-terminus extremity of Axl 
(aAxl-N) 12 blocked the effect of GAS6, demonstrating that Axl is 
the RTK engaged by GAS 6 (Figure IB). GAS 6 used at 1 ng/mL 
(Figure 1C) or at higher concentrations (from 10 ng/mL up to 500 
ng/mL) (not shown) did not influence the chemotactic activity of 
FGF-2 and HGF, suggesting that it specifically inhibits the effect of 
VEGF-A. GAS6 induced the aulophosphor\laiion m im'omiic 
residues of Axl immunoprecipitated from ECs, being active at 1 
ng/mL. This activity was abolished by the presence of the decoy 
receptor Axl-lg (Figure ID). 

GAS6 inhibits the autonomous property of ECs to form 
capillary-like networks 

ECs cultured on Matrigel, a natural basal membrane matrix, 
spontaneous differentiate in geometric tubular networks indepen- 
dently from cell mitosis. 42 This process requires directed cell 
migration governed by the presence of VEGF-A, which mainly acts 
in paracrine/autocrine manner, as inferred by the inhibitory effect 




Figure 2. EC morphogenesis on Matrigel is modulated by GAS6. (A) Morphologic 
aspect of ECs plated on Matrigel for 12 hours in the presence of M 199 containing 
0.5% FCS (i) supplemented with GAS6 (100 ng/mL) (ii), GAS6 in the presence of 
Axl-lg (1 ng/mL) (iii), or Axl-lg alone (iv). Pictures are representative of 5 independent 
experiments. Images were processed by Image Proplus 4.0 (Media Cybernetycs, 
Leiden, The Netherlands). (B) Dose-dependent inhibition of EC morphogenesis by 
GAS6. Tubular structures were quantified by automatic counting of tube formation 
after 1 2 hours. Percentage of inhibition was expressed using untreated GAS6 cells as 
100%. Mean ± SD of 4 experiments. 



exerted by an Ab anti-VEGF-A. 42 As shown in Figure 2, the 
presence of GAS6 impaired the morphogenetic potential of ECs on 
Matrigel in a dose-dependent manner, and the maximal inhibitory 
effect was obtained at 80 to 100 ng/mL (Figure 2B). In the presence 
of GAS6, ECs were unable to form cords interconnected with 
nodes and remained mostly sparse with few chains formed. The 
addition of Axl-lg reverted the GAS 6 effect, while Axl-lg alone 
was ineffective (Figure 2A). 



GAS6 inhibits VEGF- 
in CAM assay 

The in vivo inhibitory effect of GAS6 on vascular formation was 
demonstrated in the CAM assay (Figure 3; Table 1). The gelatin 
sponges treated with VEGF-Ai 65 (50 ng) were surrounded by 
allantoic vessels radiating toward the implant in a spoked-wheel 
pattern (Figure 3A), while GAS6 used at 50 ng/sponge was 
ineffective (Figure 3B). GAS6 did not promote vascularization in a 
range from 1 ng to 500 ng (data not shown). In contrast, GAS6 used 
at 20 ng/sponge was able to inhibit the activity of VEGF-Ai 65 




Figure 3. GAS6 inhibits VEGF-A 165 -mediated vascularization in CAM assay. 

CAMs were recorded at day 12 of incubation, 96 hours after the implant of a gelatin 
sponge soaked with VEGF-A 165 (50 ng) (A), GAS6 (50 ng) (B), VEGF-A, 65 with GAS6 
(20 ng) (C), or phosphate-buffered saline (E). Panel D shows the reverting effect of the 
presence Axl-lg (200 ng) on the inhibitory effect of GAS6 (20 ng). Arrows in panels Aand D 
indicate the new capillaries attracted by the sponges. Original magnification < 50 The 
picture is representative of 1 experiment of at least 4 performed. Images we 
by Image Proplus 4.0. 
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Table 1 . Angiogenic effects of GAS6 and Axl-lg on the chick CAM 



VEGF-A, 

FGF-2 

VEGF- 
3AS6 
UAS6 



A iei5 - GAS6 + Axl-lg 
+ Axl-lg 



43 



"Images photographed as described in "Materials and methods" were digitall; 
recorded, and the number of vessels was quantified with an imaging software in : 
randomly selected areas (1 mm 3 ). 

tDatawere analyzed byANOVA(F = 31 .29) and Student-Newman-Keuls test. 

tP< .05 within indicated stimulations and CAM stimulated by VEGF-A 165 . 

§VEGF-A 165 or FGF-2, GAS6, and Axl-lg were used at 50 ng, 20 ng, and 200 nc 
per sponge, respectively. 

HP < .05 within indicated stimulations and CAM stimulated by vehicle alone. 



(Figure 3C; Table 1) but not that of FGF-2 (Table 1). VEGF-A 165 
induced angiogenesis in the presence of the decoy receptor Axl-lg, 
supporting the direct involvement of GAS6-Axl axis in the control 
of the vascularization mediated by VEGF-A (Figure 3D; Table 1). 

GAS6 inhibits autophosphorylation of VEGFR-2 induced 
by VEGF-A 

Autophosphorylation in tyrosine residues is the earliest event 
occurring after VEGF-A-dependent VEGFR-2 dimerization. 29 To 
explore the mechanism by which GAS6 affected VEGF-A activi- 
ties, VEGFR-2 was immunoprecipitated from ECs and analyzed 
for its phosphorylation state. Figure 4 shows that a short preincuba- 
tion of ECs with GAS6 at 1 ng/mL resulted in a marked inhibition 
ol VI :< il R-2 autoph(>Nphonkition. To evaluate a possible cross talk 
between VEGFR-2 and Axl, ECs were stimulated as in the previous 
experiment, and the lysates were immunoprecipitated with a mAb 
anti-P-Tyr. As shown in Figure 4B. the presence of VEGF-A 165 did 
not affect Axl phosphorylation. 

To exclude that the observed inhibition of VEGFR-2 phosphor- 
ylation may be the consequence of a competitive mechanisms, we 
studied the effect of GAS on the binding of [ 125 I] VEGF-A 165 on 
ECs. In Figure 5, the preincubation of ECs with increasing 
concentrations of GAS6 did not inhibit the binding of labeled 
VEGF-A 1S5 . Therefore, GAS6 did not interfere in the binding of 



Figure 5. Effect of GAS6 on the binding of [« 6 I] VEGF-A 165 at equilibrium to ECs. 

Cell monolayers were incubated for 90 minutes at room temperature in 0.2 mL 
binding buffer with 0.05 nM [ ,25 l] VEGF-A without (■) or with the indicated 
concentrations of unlabeled VEGF-A,,,, (♦). and GAS6 (•). At the end of incubation, 
the cells were washed and solubilized with SDS 2°o, and the radioactivity was 
counted Data are the mean - SD of 3 determinations in 1 experiment of 2 with 



VEGF-A 165 to its specific affinity sites. In contrast, cold VEGF- 
A 165 inhibited the binding of [ 125 I] VEGF-A to ECs with an 
apparent IC 50 (inhibitory concentration 50%) of 60 pM as shown in 
other reports (reviewed in Thomas 43 ). 

Tyrosine phosphatase SHP-2 is involved in the inhibitory 
activity of GAS6 on VEGF-A-mediated EC activation 

It is well established that cytosolic protein tyrosine phosphatases 
containing src homology domain-2 regulate intracellular pathways 
activated by several receptors including RTK. 44 - 45 SHP-2 has been 
implicated in the signaling pathways triggered by VEGF-A, 46 and 
our preliminary results indicate that it dephosphorylates VEGFR-2 
in vitro (S.M., F.B., in preparation). Therefore, we tested the 
hypothesis that SHP-2 could be responsible of the inhibitory signal 
mediated by GAS 6- Axl axis on VEGF-A activities. GAS 6 induces 
tyrosine phosphorylation of SHP-2 (Figure 6A) and its association 
with Axl (Figure 6B-C), suggesting the activation of its calah tic 
property. 45 The phosphorylation occurred within 5 minutes and 
persisted up to 30 minutes. 

Therefore, ECs were infected with a retroviral vector carrying 
SHP-2 C/S, the catalytically inactive Cys-to-Ser mutant form 47 
(Figure 2A). The expression of this mutant did not modify the 
GAS6-dependent Axl phosphorylation. (Figure 7B). Furthermore, 
the expression of SHP-2 C/S mutant was able to suppress SHP-2 
phosphorylation triggered by GAS6. This is a surprising result 
because the point mutation in SHP-2 C/S does not involve the SH-2 
domain; therefore, the enzyme may associate to Axl. It is possible 
that the relative amount of SHP-2 phosphorylated by endogenous 
levels of Axl tyrosine kinase is reduced and not detected by 
immunoprecipitation followed by immunoblotting, due to the high 



- 1 



Figure 4. Inhibition of VEGFR-2 phosphorylation by GAS6. ECs were preincu- 
bated with GAS6 (1 ng/mL) for 20 minutes and consequently stimulated for 10 
minutes with VEGF-A, 6 s (10 ng/mL). Cell lysates were immunoprecipitated with an 
anti-VEGFR-2 Ab, analyzed by SDS-PAGE. followed by immunoblotting with the 
indicated Abs. The results are representative of 4 similar experiments. (B) ECs were 
preincubated with G AS6 (1 ng/mL) for 20 minutes and consequently stimulated for 1 0 
minutes with VEGF-A,,,,, (10 ng/mL) Cell lysates were immunoprecipitated with an 
anti-P-Tyr, analyzed by SDS-PAGE, followed by immunoblotting with the indicated 
Abs. The results are representative of 4 similar experiments. 



J.R: A.uu-SHf-2 LP.: sr.u U: 

W.B.:A«ti-SHl>-2 W.I?.: AHfi-Axi *»s<-SIH»-I 

V. B -HI' > 

Figure 6. GAS6 activates SHP-2. (A) SHP-2 activation by GAS6. Quiescent, 
confluent ECs were stimulated for the indicated times with GAS6 (1 ng/mL), and cell 
lysates were immunoprecipitated by Ab anti-SHP-2. Immunodetection was per- 
formed with Ab anti-P-Tyr or anti-SHP-2. (B-C) GAS6 mediates SHP-2 association 
with Axl. Quiescent, confluent ECs were stimulated for 30 minutes with GAS6 (1 
ng/mL), and cell lysates were immunoprecipitated by Ab-anti-AxI (B) or anti-SHP-2 
(C). (C) Immunoprecipitate was divided into 2 aliquots. Immunodetection was 
performed as indicated. The results are representative of 3 similar experiments. 
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Figure 7. Expression of SHP-2 C/S mutant inhibits GAS6 modulation of EC 
chemotaxis induced by VEGF-A 165 . (A) Effect of SHP-2 C/S expression on Tyr 
phosphorylation of SHP-2. Quiescent, confluent infected ECs were stimulated for 30 
minutes with GAS6 (1 ng/mL). Cell lysates were immunoprecipitated with Ab 
anti-SHP-2 and immunoblotted with the same Ab or with Ab anti-P-Tyr. (B) Effect of 
SHP-2 C/S expression on Tyr phosphorylation of Axl. Pinco-ECsand SHP-2 C/S-ECs 
were stimulated with GAS6 (1 ng/mL for 30 minutes). Immunoprecipitation was 
performed with Ab anti-AxI, and proteins were immunodetected with Ab anti-P-Tyr or 
anti-Axl. (C) Effect of SHP-2 C/S expression on Tyr phosphorylation of VEGFR-2. 
Pinco-ECs and SHP-2 C/S-ECs were preincubated with GAS6 (1 ng/mL) for 20 
minutes and consequently stimulated for 10 minutes with VEGF-A 165 (10 ng/mL). 
Immunoprecipitation was performed with Ab anti-VEGFR-2, and proteins were 
immunodetected with Ab anti-P-Tyr or anti-VEGFR-2. (D) EC chemotaxis induced 
by VEGF-A 165 and VEGF-A 121 (both at 1 0 ng/mL) was evaluated in cells infected with 
vector alone, or carrying SHP-2 C/S mutant or SHP-2 . When indicated 1 ng/mL GAS6 
was added. Results of 1 experiment performed in triplicate representative of 3 
independent experiments are shown. Data were analyzed by AN OVA (F = 495.89 for 
SHP-2, F = 876.7 for SHP-2 C/S) and Student-Newman-Keuls test. *P < .05 versus 
control; §P < .05 versus VEGF-A 165 or VEGF-A 121 alone. 

expression levels of SHP-2 obtained by the efficiency of retroviral 
infection as compared with the endogenous enzyme levels. 

An essential confirmation of the role of this phosphatase as 
effector of GAS 6 on VEGFR-2 was inferred by the lack of 
inhibition of VEGFR-2 phosphorylation in ECs expressing SHP-2 
C/S and stimulated by VEGF-A 155 (Figure 7C). Figure 7D shows 
that GAS6 inhibited EC chemotaxis induced by VEGF-A m and 
VEGF-Ai 65 . The expression of the SHP-2 mutant abrogated this 
effect, substantiating that this phosphatase is involved with the 
negative signaling exerted by GAS 6 on VEGF-A. 



Discussion 

GAS6 has been reported to have a broad range of activities in 
different contexts. The differences usually depend on the cell type 
studied and the concentration used. 4,5,13 " 20 It induces migration of 
smooth muscle cells and inhibits neutrophil adhesion to ECs. 4 - 20 



High concentrations of GAS 6 (100-800 ng/mL) inhibit EC apopto- 
s j s 4,16,18 Furthermore it affects the response of blood vessels to 
injury, thereby contributing to the development of restenosis/ 
atherosclerosis. 48 Finally, GAS6 has been detected in inflammatory 
diseases' 8 ' 4 '' and in human cancers. 50,51 

In the present study we describe a GAS 6 -dependent inhibitory 
pathway, which selectively hinders the angiogenic program acti- 
vated by VEGF-A. Through Axl RTK, GAS 6 activates the tyrosine 
phosphatase SHP-2, which, in turn, down-regulates signals starting 
from VEGFR-2. This statement is based on the following data: (1) 
GAS6 inhibits the chemotaxis stimulated by VEGF-A, while it is 
ineffective when ECs are stimulated by FGF-2 or HGF; (2) it 
inhibits in vitro EC morphogenesis in a model in which vascular 
pattern formation is mainly driven by the autocrine/paracrine effect 
of VEGF-A, 42 as well CAM vascularization stimulated by VEGF-A, 
but not by FGF-2; (3) it inhibits the VEGF-A-dependent phosphor- 
ylation of VEGFR-2; (4) it triggers Axl receptor, which, in turn, 
recruits SHP-2 in an active fonn to its cytosolic tail; (5) the 
overexpression of a dominant-negative mutant of SHP-2 does not 
inhibit Axl activation, but specifically abrogates EC chemotaxis as 
well as VEGFR-2 phosphorylation promoted by VEGF-A. 

Cross talk between RTKs 52 " 54 enable cells to integrate signals 
from different stimuli, thereby coordinating and refining complex 
responses. Through a SHP-2-dependent negative transmodulation 
of VEGFR-2, the GAS6/Axl axis controls the motility potential of 
VEGF-A. Therefore, the inhibitory signal exerted by GAS6 may 
finely balance the highly positive effect of VEGF-A on EC motility, 
resulting in a proper alignment of cells required to establish a 
well-shaped vascular pattern. It is intriguing to highlight that GAS6 
may be produced by pericytes, 23 which are of critical importance 
for vascular morphogenesis dictating vascular sprouting in some 

negatively regulate cell migration by directly interfering with 
integrin-mediated outside-in signals involved in cytoskeletal orga- 
nization and propulsive force generation. 42 - 57 In this context, the 
known antiapoptotic effect of GAS6 in ECs 16 - 18 may participate in 
survival mechanisms required for cells to successfully migrate. 57 
Migrating cells lose their integrin-mediated contacts with the 
extracellular matrix and therefore could undergo an apoptotic 
program (anoikisis) that may be differently counteracted by 
signals, including those triggered by GAS6. The apparent paradox 
of an antiapoptotic factor that contributes in inhibiting angiogen- 
esis is supported by recent findings on fortilin. 58 This is a nuclear 
antiapoptotic factor, which inhibits migration of smooth muscle 
cells in vitro. In experimental angioplasty fortilin reduces neoin- 
tima formation through powerful antiproliferative and antimigra- 
tory actions concomitant with the ability to reduce vascular cell 
apoptosis and maintain vessel integrity. 58 

The tyrosine phosphatase SHP-2 is widely expressed and can 
both positively or negatively regulate intracellular signals gener- 
ated by RTKs, G-protein-associated receptors, and cytokine recep- 
tors. 59 " 57 Our results of the dominant-negative mutant of SHP-2 
reverting the inhibitory effects of GAS6 suggest an involvement of 
this phosphatase activated by GAS6 in inhibiting VEGF-A action. 
This observation parallels the results that VEGFR-2 may be 
negatively regulated by tumor necrosis factor-a or by tissue 
inhibitor of metalloproteinases-2 (TIMP-2) through SHP-1. 68 - 69 
The present study does not investigate the precise mechanism by 
which VEGFR-2 is inactivated by GAS6. It is intriguing to 
speculate on a direct effect of SHP-2 on VEGFR-2. In ECs 
stimulated by TIMP-2, SHP-1 dephosphorylates VEGFR-2 by 
shifting from a3pi integrin to the receptor. 69 Alternatively, we may 
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hypothesize an indirect effect mediated by other tyrosine phospha- 
tases, including human low-molecular- weight cytoplasmic protein 
tyrosine phosphatase (HCPTPA), which specifically dephosphory- 
lates VEGFR-2.™ 

Our results cannot exclude that the observed effects of SHP-2 in 
GAS6-dependent inhibition of EC motility exclusively occurs by 
interfering VEGFR-2-triggered signals. Actually cells derived 
from SHP-2~'~ mice or expressing a SHP-2 dominant-negative 
mutant display severe defects in spreading, haptotactic, and 
chemotactic response, 71 " 73 being that this phosphatase is involved 
in adhesion dynamics. 53 - 74 

A large number of strategies occur to counteract the effect of 
angiogenic inducers, and a right balance between inhibitors and 
agonists is instrumental in formation of an accurate vasculature in 
embryonic and adult tissues. 27 - 75 With the exception of decoy 
receptors that antagonize selected agonists. - '' inhibition ol'angiogcn- 
esis occurs by impairing general function of ECs (ie, migration, 
survival, proliferation) independently from stimuli . 75 - 77 - 78 Our re- 
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